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THE IMPACT OF A HANFORD NUCLEAR ENERGY CENTER
ON CLOUDINESS AND INSOLATION

J. V. Ramsdell

Pacific Northwest Laboratory
Richland, Washington

INTRCDUCTION

Reactor cooling system effluents could, under some
conditions, contribute to an increase in cloudiness and a
decrease in insolation (solar radiation received at the earth's
surface). This report presents the results of an evaluation
of the potential impact of a Hanford Nuclear Energy Center
(HNEC) on cloudiness and insolation. It is one of a series
of reports prepared by the Pacific Northwest Laboratory (PNL)
in the course of an evaluation of the energy center concept

as it might be applied to the Department of Energy is Hanford

Area in Washington State(l—3). Previous topical reports in
the series deal with a variety of subjects including electrical’
\ -
ransmission(4), fuel cycle(5’, heat disposal(6 8), and
(9-10)

reliapility of generation .

The energy center concept involves the grouping of a large
number of power plants at a common site. An energy center may
also include fuel production and waste disposal facilities.
Typically the number of power plants considered ranges from 10
to 40. In the conceptual evaluation of a Hanford Nuclear Energy
Center both 20 and 40 generating unit centers have been con-
sidered, with the 20 unit center receiving the most attention.
Within an energy center the individual power plants are gener-

ally grouped in clusters of about 4.

Thermal power plants cooling systems ultimately release
a significant amount of energy to the atmosphere. In current
designs this energy 1s primarily released as latent heat

of evaporation of water and sensible heat in the form of



increased air temperature. Both the addition of water and the
increase in temperature can contribute to the formation of
clouds by increasing the instability of the atmosphere and
triggering natural cloud formation processes. The additional
water vapor may also contribute to the formation of clouds by

directly bringing the air to saturation.

Increasing the cloudiness will, in turn, alter the balance
of short wave (solar) and long wave (terrestrial) radiation.
An. increased cloud layer will increase the fraction of incoming
solar radiation reflected prior to reaching the surface. Some
of the reflected solar radiation will reach the surface as
diffuse radiation and some will be lost to space. The increased
cloudiness will also absorb an increased fraction of the long
wave terrestrial radiation. Much of this energy 1s reradiated
toward earth and is thereby retained in the earth-atmosphere

system.

Specifically this report estimates the change in sky cover
and the resulting change in solar radiation. It does not attempt
to distinguish between direct and diffuse solar radiation,
and it does not deal with the impact of increased cloudiness on

long wave radiation.

The report is divided into four sections. In the first
section we will develop the approach followed in the study,
starting from estimation of the distributions of cooling
system effluents, proceeding through estimation of changes in
sky cover, and ending with estimation in changes in insolation.
In the second section we will briefly describe the HNEC and
discuss the aspects of the climatology of the Hanford Area
that relate to sky cover and solar radiation. We will then
develop the specific relationships required to make actual

estimates of the changes. In the final sections we will examine



the estimated changes, compare them with worst case estimates,
discuss their statistical significance, and discuss the con-

clusions reached.

CONCEPTUAL DEVELOPMENT

Estimating changes in sky cover and solar radiation is a
complex problem. If approached rigorously as a time varying,
three dimensional problem in atmospheric diffusion and transport,
thermodynamics and radiative transfer, it would require resouxrces
beycnd those currently available. Therefore, we apprcach the
problem in a series of steps, each of which is treated with
simplified "back of the envelope" models. Frequently it is

necessary to resort to use of probability arguments.

Sky cover is one of the variables included in standard
weather observations. It is the fraction of the sky covered by
clouds and is expressed in tenths. The amount of sky cover
reported is a subjective estimate of the observer and not the
result of a precise measurement. Sky cover observations
include the estimated or measured height of each cloud layer.

A ceiling is said to exist when the total sky cover is 6/10 or
greater. Some weather observations also include cloud types.
The cooling system effluents from an HNEC might aiter any or all

of these cloud characteristics. In this study we will concen-
trate on estimating the change in the total sky cover. However,

in the process of estimating these changes we will postulate

certain, limited changes in cloud height and type.

Changes in sky cover are potentially related to a number
of factors including: wind direction and speed, atmospheric
stability, air temperature and humidity profile, the magnitude
and distribution of the cooling system effluent releases, the
time of day and year, and the initial sky cover. To a large

extent the sky cover change will be a function of the magnitude



of the perturbation in atmcspheric humidity and stability caused
by the combined effluents from the cooling systems. The form of
the change will be affected by atmospheric stability, temperature
and humidity, and the location of the change will be a function
of wind direction and geometric configuration of the source.
Finally the increase in total sky cover cannot exceed fraction

of the sky that is clear.

Our basic apprecach 1is to first treat the problem of atmo-
spheric diffusion and transport of cooling systam effluents to
identify the location where changes are most likely, and to
estimate the magnitude of the atmospheric perturbation caused
by the effluents. This is done using a multiple-source, sector-
average, Gaussian difrfusion model. We will then use the esti-
mated magnitude of the perturbations at each location in the
effluent plume to estimate the fractional increase in sky cover
at the location. Finally we will use the probability of occur-
rence cf the modeled atmospheric conditions (wind direction,
wind speed and atmospheric stability), and the fractional in-
crease in sky cover to modify the climatological sky cover
probability distribution. The climatological distribution of
sky cover is assumed to represent current conditions in the
entire area and is therefore independent of position, but the
revised sky cover probability distribution is a function of
position. The revised sky cover distribution is then used to

estimate the change in insolation at each location.

The undepleted insolation passing through a plane normal
to the sun's rays at the top of the earth's atmosphere is
about 1.95 ly min“l (cal/cmz—min). This is called the solar
constant. The solar energy reaching the earth's surface is a
function of latitude, time of year and day, cloudiness and air
quality. Usually the energy flux is significantly less than
the solar constant. Hcwever, occasionally the combination of
direct radiation and radiaticn reflected from clouds can cause

the energy flux at the surface to approach the solar constant



for short periods. The effect of cloudiness on solar radiation
depends on a number of factors including, the amount of sky
cover, cloud types, and cloud height. There are several types
of solar radiation measurements, however the most common is
measurement of total incoming short-wave radiation received on
a horizontal surface at the earth's surface. This measurement

does not distinguish between direct and diffuse radiation.

To estimate the changes in solar radiation resulting from
increased sky cover, we will make use of the revised sky cover
probability distribution and empirical relationships between
sky cover and solar radiation. These relationships, developed
using insolation data collected at Hanford, provide an estimate
of the solar radiation that would be expected at each location
based on the revised cloud distribution. The decrease in
insolation can then be estimated by comparing current climato-
logical average values with those estimated from the revised

cloudiness distribution.

We will now develop each of these concepts in detail.

The Diffusion Model

The multiple-source diffusion model used in this study was
developed for an earlier HNEC study and is described in detail
in Reference (8). It is a sectocr-average, Gaussian model that
incorporates reflection at the surface and at an optional upper
boundary. Individual sources are treated as virtual-point
sources, and the concentration at each receptor point is
estimated by combination of the concentrations from all sources.
The sector-average model is described in Section 3.3 of

Meteorology and Atomic Energy - 1968(11), while the treatment

of the reflecting 1lid is based upon Section 6.6 of Csanady's

Turbulent Diffusion in the Environment(lz).

For purposes of this study we will use water as an indica-

tor of the modification potential cf the cooling system



effluents. A large increase in atmospheric water content is

assumed to correspond to a high potential for increasing sky

cover. However,

we do not claim that the modification will be

caused by any specific process, i1.e., saturation or triggering

an instability.

The model used to estimate increases in water content

(assumed -to be water vapor) is:
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the increase in water vapor concentration

receptor k due to source i,
the water vapor release rate of source i,

related to the assumed plume width, Pt

~

n = ﬂ/¢o when ¢o is the radians,
the vertical dispersion parameter,
the wind speed,

the distance between the receptor and

virtual point scurce,

is
is

is

the height above the ground,
the effective height for source i, and

the height of the reflecting 1lid.

Equation 1 can be simplified if any or all of z, hi and

H are zero. The greatest simplification occurs if H is zero.

In that case the infinite sum is eliminated. If hi is zero

the two exponential terms can be cocmbined. If z=0 the infinite

sum is twice the sum from o to =, Finally, if all three are

zero, the infinite sum and the exponential terms are eliminated.



In the current application none of these simplifications is

appropriate, but the infinite sum is truncated at j=z2.

In the case of cooling tower effliuents the effective
height of release is the actual release height plus plume rise
due to buoyancy. Brigg's formulae are used to estimate final

(13)

plume rise

(14)

In model computations, the Briggs' formulations for
g, are used. Table 1 gives the Hanford stability classes used,
the corresponding Pasquill-Gifford stability classes, and the

Briggs' 9, formulations.

TABLE 1. Relationships Between ¢,. Atmospheric
Stability and Distance from the Virtual
Point Source to Receptor
g

Stability Class z
Pasquill-Gifford Hanford

A .20x%

B Unstable .12x%

c .08x/ (1+.0002x) */2
D Neutral .06x/ (1+.0015%) */2
E Slightly stable .03x/(1+.0003x)

F Moderately stable .02x/(1+.0003x)

G .012x%/(1+.0003x) -

During high wind speed conditions, a standard wake correction

is applied to the values of g

The Sky Cover Model
In the current application, the diffusion model is run for

each combination of wind speed, direction and atmospheric
stability. At the completion of each run the increase in water

content is used to estimate the increase in cloudiness as a



function of position. The climatological change in sky cover
is estimated by summing the results for each combination of wind
speed, direction and stability weighted by frequency of occur-
rence of the combination. For this initial study we assume that
sky cover is statistically independent of these factors. If a
more detailed study is warranted, the statistical independence

will be examined and taken into account as necessary.

The relationshir between the cooling system effluents and
increased cloudiness are not well established. A number of
studies, e.g., References (15) through (17), have used numerical
models to predict the extent clouds and plumes produced by
cooling towers. In general these models require more input
data than is readily available for an HNEC. In addition, the
models' abilities to adequately handle the synergistic effects
of multiple effluent sources are open to gquestion. As a result.
we will treat the relationship between effluent concentration
and increased cloudiness in a highly parameterized fashion.

We will assume that an increase in water content at a point is
directly related to a fractional increase in cloudiness. The
relationship will be entered in the sky cover model as a table.
As better information kecomes available, the table can be

altered and more realistic relationships can be formulated.

If we let SC represent the sky ccver, the amount of the
sky available for increased cloudiness is (10-SC). The increase
in sky cover is then the product of the sky available and the
fractional increase, fi’ resulting from a given cooling system

effluent concentration, i.e.,
ASC* = fi(lO-SC) . (2)

And, the estimate of the corresponding sky cover assuming an

operating HNEC, SC* is



SC* = SC + fi(IO—SC) . (3)

We will assume that the sky cover observations at the
Hanford Meteorology Station are representative of the whole
Mid-Columbia Region so that SC is not a function of position.
However, the fractional increase in sky cover is a func:tion

of position. Therefore, SC* is also a function of position.

We will treat the temporal variation of average sky cover
by use of probability distributions for SC. These distributions
will be changed on a monthly basis. Systematic diurnal variations
in sky cover exist, but in the Mid-Columbia region they are small
compared to the annual variation represented by the monthly

probability distributions. As a result, they will be neglected.

It seems reasonable to assume that the relationship between
cooling system effluent concentration and fractional increase
in sky cover should have both annual and diurnal variability.
Because of the limited information on which to base this
relationship, we will neglect any diurnal variations and treat
the annual variations by altering the conversion table seasonally.
In the winter we will allow a relatively small increase in
water content to make a relatively large fractional increase
in sky cover; in the summer a relatively large increase in
water content will make a relatively small fractional increase
in sky cover, and the spring and fall will be treated in an
intermediate manner. We will examine the sensitivity of the
sky cover model to changes in the conversion table by modeling
each season with a "worst case table"” in which a small increase

in water content results in an overcast sky condition.

After the change in sky cover is estimated at each position,
the sky cover probability distribution at each position will be
updated. If we let PO(SC) be the climatological probability of
sky cover, SC, and Pw be the joint probability of the given wind

speed and direction, and atmospheric stability, the change in



sky cover probability &PSC is

We then update the sky cover probability distributions at each

position using SC and SC* as indices:

* * = * *
Pij(SC ) Pij(SC ) + APSC (5)
and
* - * -
Pij(SC) Pij(SC) APSC (6)

where sz(SC*) and sz(SC) are updated parts of the sky cover
probability distribution at position i,j. Prior to the first
update,sz(SC) are set equal to PO(SC); as the number of
conditions mocdeled increasas they take on their own character-

istics.

When all atmospheric conditions have been modeled, we
compute a new mean sky cover for each position using Egquation

(7) :

SC¥. = SC* P*(sSC*) . (7)
1] ij
SC*

The initial average sky cover is computed using SC and PO(SC).
Finally we estimate the increase in sky cover as:

ASC.. = SC*.. - SC . (8)
ij i3

The outputs of the sky cover model are, then: an updated
probability distribution of sky cover, an estimate of the

average sky cover assuming an operating HNEC, and an estimate

10



of the increase in average sky cover over its current climato-

logical value. Each of these items varies from month to mcnth.

The Solar Radiation Model

The literature on the relationship between sky cover and

solar radiation is relatively extensive and much of it is

(18)

applicable to the current problem. Geiger indicates that

the ratio of solar radiation on clear days to that on cloudy

days 1is about .25 in the winter, .50 in the summer, and has an
annual average about .40. More recent works(19-23)give
guantitative relationships between sky cover and radiation. 1In

general there relationships show a quadratic decrease in
radiation with increasing sky cover. A wide range of numerical
constants in the relationships indicates that the equations are
rather specific to the particular data set used in their
development. As a result we will use solar radiation and sky

cover data from Hanford to develop our own relationship.

The literature (e.g., 20, 24-27) clearly shows that, in
addition to total sky cover, cloud type is a significant factor
in determining the reduction in solar radiation. In particular
high, thin cirriform clouds are significantly less effective
in reducing solar radiation than are lcwer, thicker clouds.

The use of total sky cover, including cirriform clouds in
estimating solar radiation tends to underestimate in sclar
(20’25). Lund(24), and Lund and Shanklin(26)
that the probability seeing the sun is 6 to 20% greater than

radiation indicate

the probability of a cloud-free line of sight. The difference

is largely a result cf cirriform clouds. Finally Angell and
(27)

Korshover indicate that high, thin cirrus clouds have no
effect on sunéhine. As a result, our treatment of the sky
cover probability distribution will distinguish between sky
and low ceilings. High ceilings will be treated as cirriform

clouds.

11



We will estimate the solar radiation at any time during

operation of an HNEC as the product of the solar radiation in

the absence of the HNEC and a function that relates sky cover
That 1is:

at Hanford.
(9)

and solar radiatiocon

SR*. = SR F(SC*,SC)
ij o}

where SRE. is an estimate of the solar radiation at i,3j given
sky cover SC*; SR, is the average solar radiation and F(SC*,SC)
relates solar radiaticn and sky cover

(10) :

The average solar radiaticon Icr a given period of time is
found by weighting the estimates of the past HNEC solar radiation

This is shown in Equation
(10)

by the probability of SC¥*,

= SR * SCVp* *

SRO E F(sC ,bC)Piésc )
SC*

SR*.
1]
The decrease in

where §§5 is the appropriate pre-HNEC average.
solar radiation is then simply the difference between SR;. and

SRO.

Prior to developing the table that specifically relates
cooling system effluent concentra*ion to increased sky cover

and a mathematical expression for F(SC*,SC), we will discuss

the HNEC configuration and the Hanford area climate.

THE HANFORD NUCLEAR ENERGY CENTER

The conceptual HNEC configuration and the climatology of
the Hanford area are important because the results presented are
although the approach described is

specific to the HNEC,

general.

12



HNEC Configuration

The Hanford area is situated in the southern portion of
Eastern Washington near the Oregon border as shown in Figure 1.
The Columbia River, which runs through the area, provides an
adequate source of water for the operation of wet cooling systems

in the center.

During the HNEC conceptual studies numerous sites have
been considered as potential cluster locations. Analysis of the
HNEC concept is currently concentrating on a 20 power plant
center with clusters located at sites 1 through 5 in Figure 2.
In this report, HNEC specifically refers to power plant clusters
at these locations. Each cluster consists of four power plants

that are assumed to use mechanical draft towers for cooling.

In the computations, the cooling systems for the power
plants in each cluster are treated as a single entity; no
effort has been made to examine small scale effects. When a
cluster is to be the effluent source, a virtual point source
is found using wind direction, stability and an actual source
width of 1609 m (1 mi.). It is assuméd that each cluster will
occupy approximately 2.6 sz (L sgq. mi.). The height of the
cooling towers is assumed to be 25 m. Receptors are treated
as points. A detailed discussion of the source-receptor

geometry is contained in Reference 8.

Hanford Diffusion Climatology

The basic reference on Hanford Climatology is Climatography

of the Hanford Area(za). Additional information relative to the

conceptual HNEC is given in Reference 8. 1In general, the
climate is typical of a mid-latitude desert-steppe. The pre-
vailing wind directions are northwest and southwest, with speeds
averaging between 2 and 3 m s—l and occasional periods of high

speeds.

13
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FIGURE 2. The Mid Columbia Area and Potential

Cluster Locations for an HNEC.

Grid
Spacing is 8000 M.

Atmospheric diffusion is related to wind and atmospheric
stability as shown in Equation (l1). The joint frequency distri-

butions of wind direction, wind speed and atmospheric stability
required for diffusion computations involving specific sources

and receptors are given in Tables 2-5 for Hanford by season.
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TABLE 2. Spring Percentage Freqguency Distribution of Wind Speed
and Wind Direction at 200-Foot Level vs. Atmospheric
Stability
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TABLE 3 . Summer Percentage Frequency Distribution of Wind Speed
and Wind Direction at 200-Foot Level vs. Atmospheric

Stability
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TABLE 4. Fall Percentage Frequency Distribution of Wind Speed
and Wind Direction at 200-Foot Level vs. Atmospheric

Stability
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TABLE 5. Winter Percentage Frequency Distribution of Wind Speed

6T

and Wind Direction at 200-Foot Level vs. Atmospheric
Stability
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Selection of angular width for the sector-averaged plume
is governed by the form of available wind direction data.
Table 2 shows that Hanford wind data have been compiled in 16
direction sectors. As a result, the plume width has been set
at 22.5° for this study. The mixing height tends to vary
diurnally and seasonally with the greatest heights generally
found on summer afternoons and the lowest on winter nights.
We will ignore the known diurnal variation and assume a constant
mixing height for each season, as shown in Table 6. A recent
series of measurements at Hanford is expected to provide better

information on mixing heights.

TABLE 6. Assumed Heights of the
Mixed Layer by Season
Season Height
Spring 1000 m
Summer 1500 m
Fall 1000 m
Winter 500 m

Hanford Sky Cover Climatology

Sky cover is observed and recorded each hour at the Hanford
Meteorology Station. At the end of each month, the average sky
cover for daylight hours is computed and published internally
for use by the Hanford contractors. The sky cover data in
Reference 28, in these monthly summaries, and in a random
sample of data taken from the original records form the basis

of the climatology preasented here,

Annual and monthly sky cover averages for Hanford are
presented in Table 7 for several different data sets. It
should be noted that for every month the sky cover during day-

light hours is egual to or greater than the 24 hour average.
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This is an indication that convective activity, caused by
solar heating, is a sigrnificant factor in the cloud formation

processes at Hanford.

The last column in Table 7 gives the standard deviation
of the monthly sky cover averages for the period 1967 through
1977. They are negatively correlated with the mean sky cover.
That is, high average sky covers are associated with small
standard deviations. This means that the year to year vari-
ability in sky cover in the winter is less than that for the
summer, As a result a given change‘in the long term average
sky cover would be easier to detect statistically in the winter

than it would be in the summer.

TABLE 7. Monthly and Annual Sky Cover (in Tenths)
for Hanford with Standard Deviation of
Monthly Averages of Sky Cover for Daylight
Hours about the Mean for the Period 1967-

1977

All Hours Daylight Daylight St. Dev.

1967-1970 1946-1975 1967-1977 1967-1977
January 7.6 7.8 8.0 .58
February 6.9 7.4 7.4 .74
March 6.2 6.8 7.0 .67
April 6.1 6.4 6.6 .68
May 5.5 5.8 6.0 .72
June 4.9 5.3 5.4 .96
July 2.7 2.8 3.3 1.02
August 3.1 3.2 3.2 1.54
September 4.0 4.0 4.0 1.41
October 5.5 5.9 6.0 1.13
November 7.0 7.6 8.0 .77
December 7.8 8.1 8.0 .58
Annual Average 5.6 5.9 6.1
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Average sky cover is given in Takle 8 £for each hour for the
mid-day period between 0800 and 1600 PST by months. During the
months of November through February the sky cover is a maximum
in the morning akout sunrise. During the remainder of the
year it is a maximum in the mid to late afternoon. The diurnal
variation in sky cover is less than 2 tenths in all months and
is greatest in the spring and fall. The diurnal variation is
relatively small compared with the annual variation of monthly

averages.

TABLE 8. Mid-Day Variation of Monthly Average
Sky Cover (in tenths)
TIME (PST)
9 10 11 12 13 14 15 16
January 8.3 8.2 8.2 8.1 8.1 8.1 8.0 8.0 8.1
February 7.6 7.6 7.5 7.3 1.4 7.4 1.4 1.4 1.4

March 6.8 €.7 6.6 6.8 6.9 7.0 7.0 6.9 6.9
April 6.3 6.3 6.4 6.5 6.7 7.0 7.0 6.9 7.0
May 5.4 5.5 5.6 5.8 6.0 6.2 6.1 6.3
June 4.7 4.8 5.0 5.3 5.2 5.3 5.3 5.4
July 2.5 2.4 2.5 2.6 2.8 2.9 3.0 3.1
August 3.2 3.0 3.2 3.2 3.3 3.4 3.5 3.6

September 4.3 4.2 4.3 4.3 4.3 4.4 4.4 4.4 4.4
October 5.8 5.8 5.8 5.8 6.0 6.2 6.3 6.4 6.4
November 7.7 7.6 7.4 7.4 7.6 7.7 7.6 7.5 7.3
December 8.4 8.3 8.5 8.4 8.3 8.2 8.1 8.1
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Hanford Solar Radiation Climatology

Solar radiation is measured at the Hanford Meteorological
Station using a calibrated Eppley Pyranometer. Signals from
the device are continuously recorded on a strip chart and
reduced manually to determine the solar radiation received each

hour.

The average daily solar radiation at Hanford is given in
Table 9 by month for the periods 1953 through 1975 and 1967
through 1977. The standard deviations of the individual
monthly averages in the 1967-1977 period are given in the third
column. The final two columns of the table involve the solar
radiation received at the top of atmosphere above Hanford. The
incident radiation estimates in column 4 are taken from
Reference (29). The last columns shows that the fraction of
the incident radiation received at the surface varies from about
40% in the winter to slightly over 70% in July. One of the

major factors affecting this fraction is sky cover.

Diurnal variation of the monthly average solar radiation
betwéen 0800 and 1600 PST is shown in Table 10. The maximum
insolation occurs in July for the hour beginning at 1100 PST,
rather than in June. Again this can be attributed to the

difference in cloudiness between July and July.

SPECIFIC HNEC SKY COVER AND SOLAR RADIATION MODELS

=

The final topic to be covered prior to the presentation of
the study results is the development of HNEC specific models for
the conversion of cooling system effluent concentrations to
changes in sky cover and solar radiation. In this section we
will deal with the change in sky cover first and then the change
in solar radiation. We will end the section with a quick check

on the consistency of our models with existing information.
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January
February
March
April
May

June
July
August
September
October
November
December

Annual

TABLE 9.

Daily
Total

1953-1975

120
202
340
475
576
628
659
558
423
262
132

92
372

Average Daily Solar Radiation (ly day_l)

Daily
Total

1967-1977

118
203
338
472
584
630
650
556
415
268
130

93
372

Standard
Deviation

1967-1977

14
11
22
43
30
31
42
49
38
24
17
18

Incident
at Top of

Atmosphere

260
400
580
780
910
950
920
830
650
450
300
220
605

Fraction
Received
_at Sfc

.46
.50
.59
.61
.63
.66
.72
.67
.65
.58
.44
.42
.61
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TABLE 10. Mean Solar Radiation (ly hr ™)
by Mcnth and Hour
TIME (PST)

08 09 10 11 12 13 14 15 16
January 4,8 11.7 17.3 21.4 21.9 18.8 13.6 6.3 1.3
February 11.1 19.8 27.8 32.4 33,1 30.0 24.1 15.6 6.0
March 24.0 35.3 43.6 48.7 48.2 43.9 36.9 26.4 1l4.6
April 38.6 49.4 56.7 58.7 57.7 52.0 45.1 34.1 22.1
May 47.8 58.0 64.2 67.2 63.7 59.7 52.83 42.1 29.4
June 52.1 61.4 67.6 70.5 69.2 63.8 56.3 46.2 34.1
July 53.1 63.5 71.1 74.7 73.8 69.0 61.7 50.7 37.6
August 44.6 55.5 63.0 66.0 66.1 62.7 53.5 42.2 29.0
September 34.8 45.7 53.4 56.0 55.6 50.3 40.9 29.4 1l6.4
October 22.2 31.6 38.3 41.2 39.8 33.8 24.9 14.8 5.0
November 9.8 17.0 22.0 24.0 23.0 18.9 13.¢ 5.6 0.6
December 4.2 9.7 14.5 17.3 17.3 14.5 9.2 3.4 G.1

Sky Cover Increase

The conversion factor that relates changes in sky cover

to cooling system effluent concentration will be assumed. How-

ever, prior

information

Figure
temperature

April, July

variation is small,

to stating the assumption, we will examine additional

that should be related tc the conversion.

3 shows the diurnal variations of sky cover and

and relative humidity near ground level for January,

and October. In the winter the diurnal sky cover

the temperatures are generally low and the

relative humidity is high. Under these conditions we will

assume that cooling system effluents might cause an increase in

cloudiness due to triggering convective activity or they might

simply saturate the air. In the former event only a portion of

the available clear sky would be covered by an increase in
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cloudiness and in the latter all the clear sky would be

covered.

In the remaining seasons the temperatures are sufficiently
high that the probability of saturating a large volume of air
is remote. As a result increases in cloudiness would be
associated with increased convective activity. The large diurnal
variation in sky cover shown for the spring and fall indicates
that the atmosphere is generally ready for the formation of
clouds if convective activity can be initiated. The diurnal
variation in sky cover is relatively small in the summer,
even though the temperature variation is high. This indicates
that convective activity, although associated with the production
of clouds, is not as efficient as it is in the spring and fall.
As a result, in our conversion from effluent concentration to
sky cover increase a given effluent concentration will be assumed
to cause a larger fractional increase in sky . cover in the spring
and fall than it does in the summer. During these seasons,
the maximum fractional increase in sky cover will be less than
100% of the available free sky.

Having established this background, we assume the conversion
factors presented in Table 11. Earlier we assumed that water
concentration would be a tracer for the cooling system effluents,
thus Table 11 uses increased water content as the independent

variable.

The actual conversion between effluent concentration and
increased sky cover is unknown, therefore this table represents
a significant weakness in the study. However, the conversions
assumed probably will result in over estimation of the increase
in sky cover. To ensure that a maximum increase in cloudiness
is evaluated, we will run each of the mid season months with a
worst case conversion table. In that table an increase of water
content of 0,1 g m_3 will result in a 100% fractional increase

in cloudiness, i.e., the sky cover will increase to 10/10.
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TABLE 11.

Conversion Table Relating
Content to an Increase in

an Increase in Water

Winter
Ao,
(g m3) £
< 0.1 0
0.1 to 0.3 .2
0.3 to 0.5 .5
> 0.5 1.0

Spring
Apv
(g m-3) fi
< .25 0
.25 to .50 .2
.50 to 1.0 .4
> 1.0 .8

Sky Cover
Summer
Apv

- f.
(g m 3) i
< .25 0
.25 to .50 0.1
.50 to 1.0 0.3
> 1.0 0.5

Fall
Ao
(g m°) £y
< .25 0
.25 to .50 .2
.50 to 1.0 .4
> 1.0 .8



The Relationship Between Sky Cover and Solar Radiation

Intuition leads us to expect an inverse relationship
between sky cover and solar radiation. This expectation is
borne out by data as is shown in Figure 4, which shows the
annual variation of monthly averages. It is particularly
evident in the increase in insolation between June and July
although Table 9 shows that the solar radiation received at

the top of the atmosphere decreases.

For current purposes, it is necessary to relate hourly
rather than monthly averages. Some guidance is provided in
Reference (19) through (23) which treat this relationship on
a month by month basis. To develop a single relationship that
can be used for all months, we will normalize observed solar
radiation to the long-term mean for the month and time of day
of the observation and relate sky cover observations to an
appropriate mean. Normalized solar radiation is simply SR/SR,
but the normalized sky cover expression is more complex. To
obtain a nondimensional sky cover variable with a range of
zero to two, and a value of one when the sky cover is equal to

the mean value, we make the following transformation:

5¢ el (11
_ O < S K A
- SC L SC = &C a)
1+ S€ = SC sc > &€ (11b)
10 - 5C

where ¢ is the nondimensional sky cover.

Initially we will treat the case of low level clouds
(ceiling below 10,000'). Then we will treat +the case of high

level clouds.
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(19)

Matveev cites a number of studies in this area and

gives linear, quadratic and exponential models for the sky-cover

(20-23) tend to favor a

insolation relationship. Other authors
quadratic model, although the model forms are not completely
comparable. As a result, for the low cloud case we will try

three models and compare the results. The models are:

* = = = 1
l. PF(S8C*,sSC) Gl(g) a, + alg ’ (12a)
__ ) 2
* = = - s 1
2. F(sC*,s5C) G2(E) bO + bla + bzg , (12b)
and 3. F(SC*,sC) = G3(£) = coexp(clgcz) (l2c)

The constants in these models can be evaluated using the random
data sample taken from the period 1967 through 1977. Average
values of normalized solar radiation were computed for & = 0
and ¢ = 2 using the 0900, 1200 and 1500 observations. These
averages are given in Table 12 along with the standard errors
in the estimates of the averages. Constants in Gl were
evaluated using these values. The constants in G2 and G3 were
evaluated using these values along with the assumption that
SR/SR = 1 when ¢ = 1. Model constants are given in Table 13,
and the three models are compared with a small data sample in

Figure 5.

The literature (e.g., References (24), (26) and (27))
indicates that high clouds, particularly cirriform clouds,
have relatively little effect on insolation. Table 12 shows
that for Hanford, when £ = 2 and the ceiling is above 10,000
ft, the average normalized solar radiation is 1.10. As a
result, we will assume that F(SC,SC) is 1.10 for all values
of ¢ if there is a high ceiling. Figure 6 shows data for high

clouds and the line representing SR/SR = 1.10.



TABLE 12. Average and Standard Error
of Normalized Solar Radiation
During Clear and Overcast
Skies at Hanford

Standard
& (SR/SR) Error
0 | 1.25 .05
2 (low ceilings) .56 .08
2 (high ceilings) 1.10 .07

TABLE 13. Coefficient Values for the Models
Relating Changes in Sky Cover and
Solar Radiation

Model i
9 1 2
1 a, = 1.25 ~.345
1
2 b, = 1.25 ~-.155 - .095
3 c, = 1.25 -.223 +1.85
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Both Figures 5 and 6 show a significant amount of scatter
in the data. This is to be expected because we have not
accounted for position of the clouds relative to a direct line
between the sun and the pyreheliometer. Other factors contri-
buting to the scatter include cloud type and atmospheric

turbidity.

Consistency of the HNEC Specific Models

In developing the sky cover and solar radiation models in
the preceeding chapter we indicated a need for the sky cover
frequency distributions for each month. The distributions
assumed are presented in Table 14. Although the distributions
are assumed, they are based on the information contained in
Table 23 of Reference 28 and have been adjusted to give
appropriate mean sky covers. The division of sky cover between
high and low ceiling categories was adjusted using solar radi-

ation data and the random data sample.

When we substitute these frequency distributions into

Equation (10), we get:

wn

s =§_ F(sc,SC)P(sC) . (13)
©  ‘scx

If the solar radiation model F(SC,SC) and the frequency
distribution P(SC) are both correct then SR will be equal to

SR, and the summation will equal 1.

Table 15 presents a comparison ¢ the average sky cover
computed from the assumed frequency distributicns with
climatological values and the values of the summation in
Equation (13). The summations were carried out for mid-season
months for the linear and quadratic models for F(SC,SC), and

for all months for the expcnential model. In each case, the
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TABLE 14. Assumed Initial Sky Cover Frequency Distributions

Sky
Cover
(tenths) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
0 .04 .08 .10 .08 .12 .15 .40 .36 .34 .17 .06 .03
1 .02 .04 .05 . 04 .05 .06 .10 .10 .08 .06 .04 .03
2 .02 .03 .04 .04 .05 .06 .08 .08 .05 .05 .03 .03
3 .02 .03 .04 .04 .05 .06 .07 .07 .04 .04 .03 .03
4 .03 .03 .04 .05 .07 .06 .06 .07 .04 .04 .03 .03
5 .03 .03 .04 .05 .08 .06 .04 .06 .04 .04 .03 .03
6 .03 .03 .04 .06 .04 .06 .04 .05 .04 .04 .03 »03
7 .04 .03 .04 .06 .06 .05 .04 .03 .04 .04 .03 .03
8 .07 .03 .03 .08 .07 .05 .01 .01 .03 .04 . 04 .03
9 .10 .08 .03 .08 .07 .06 .01 .01 .04 .04 .04 .04
10 .15 .20 .15 .09 .07 .07 11 .11 .10 .15 .20 .23
6* .03 .03 .04 .05 .04 .05 .01 .01 .03 .03 .03 .02
7% .03 .03 .04 .06 .05 .05 .01 .01 .03 .04 .03 .02
8* .08 .03 .03 .07 .06 .05 .01 .01 .03 .03 .04 .03
9* .12 .06 .04 .07 .06 .05 .01 .01 .03 .04 .05 .06
10% .19 .24 .25 .08 .06 .06 .01 .01 .04 .15 .30 .33

*Ceiling above 10,000 ft



TABLE 15. Check on the Internal Consistency
of Assumed Mcnthly Sky Cover
Distributions and the Sky Cover
Insolation Models

Average Normalized
Sky Cover Solar Radiation
Actual
Daylight Assumed Model
Hours PDF Linear Quadratic Exponential
January 7.8 7.8 .96 .99 .99
February 7.4 7.4 .98
March 6.8 6.8 1.02
April 6.4 6.4 .97 1.01 1.01
May 5.8 5.7 1.02
June 5.3 5.4 1.03
July 2.8 3.1 1.03 1.07 1.07
August 3.2 3.2 1.02
September 4.0 4.1 1.05
October 5.9 5.9 .99 1.02 1.02
November 7.6 7.7 1.00
December 8.1 8.1 .98

assumed distribution appears to be reasonable. However, the
data in Table 15 are only an indication of reasonableness.
They do not prove that the distributions are correct. At best
the data show that sky cover distributions and solar radiation
models are internally consistent with readily available

climatological data.
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RESULTS

The development of the analytical tools for estimating
changes in sky cover and solar radiation fcr the current study
has been completed. It is clear that they are rudimentary.

They are, in fact, a collection of "back of the envelope models"”

that only provide an indication of the order of magnitude of
the potential changes; As we examine the results presented
here, we must continually remember that the precision in the
numerical values is not an indication of the precision of the

estimates.

Predicted increases in sky cover are given in Table 16 for
6 areas in and around the HNEC. Each estimate is a spatial
average. The HNEC estimates are averages for the area in the
immediate vicinity of the assumed cluster locations. The Tri-
Cities estimates are averages for the entire Richland, Kennewick,
Pasco area. The ALE estimates are for the Arid Land Ecology
study area along the southwest border of the Hanford Area.
Wahluke Slope borders the northern side of the Hanford, and the
Mesa-Eltopia area lies directly east of Hanford. Finally the
Yakima Valley estimates are for the area around Sunnyside,

Grandview and Prosser.

Examining Table 16 we see the expected result that the
maximum increases in sky cover occur in the immediate vicinity
of the HNEC clusters. The predicted increases in average sky
cover for the spring, fall and winter are statistically signi-
ficant assuming an observation period of 11 years following
completion of the HNEC and an unchanged sky cover variance. The
predicted increases during the summer are not statistically

significant.

Off the Hanford Area the greatest changes in sky cover are
predicted for the Mesa-Eltopia and Tri-Cities areas. However,

These increases are not statistically significant.
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TABLE 16.

Predicted Increase in Sky Cover
(in tenths)

Existing
SC
Daylight
Hours Tri- Yakima

(tenths) HNEC Cities ALE Wahluke Slope Mesa/Eltopia Valley
January 7.8 1.0** 0.3 0.2 0.2 0.4 0.1
February 7.4 l.2%% 0.4 0.2 0.2 0.4 0.2
March 6.8 0.7%* 0.1 0.1 0.1 0.3 0.1
April 6.4 0.8%*%* 0.1 0.1 0.1 0.3 0.1
May 5.8 0.9%*%* 0.2 0.1 0.1 0.4 0.1
June 5.3 0.4 0.1 0.1 0.1 0.1 <
July 2.8 0.6 0.1 0.1 0.1 0.2 0.1
August 3.2 0.6 0.1 0.1 0.1 0.2 <
September 4.0 1.6%%* 0.4 0.3 0.3 0.6 .2
October 5.9 1.1%* 0.3 0.2 0.2 0.4 .
November 7.6 0.6%* 0.2 0.2 0.1 0.2
December 8.1 0.9%*%* 0.3 0.2 0.1 0.3 .

*Significant at the 55% confidence level
**Significant at the 99% confidence level

< less than

.05




At this point we should briefly discuss statistical signi-
ficance. 1In testing statistical significance we use Student's
t test between means(BO), and assume that we have no more
information about either sky cover or solar radiation than
provided by records of routine observations. %We do not consider
a predicted change significant unless we have at least 95%
confidence that the difference between the current climatological
mean and the predicted mean would not result from normal
variation between data samples. The fact that a change is
evaluated as not statistically significant does not mean it
wouldn't occur, only that it would be difficult to detect
within the time specified because of normal variability of the

atmosphere.

During the course of the study complete sets of computa-
tions were made using different initial sky cover distributions.
The computations indicate that the predicted changes in sky
cover and solar radiation are not particularly sensitive to
moderate changes in the assumed sky cover distributions if the
mean sky cover remains relatively constant. However the results

are rather sensitive to changes in the mean sky cover.

Increases in sky cover would be aesthetically displeasing,
however that would be difficult to evaluate. They would also
result in decreases in solar radiation. Tables 17 and 18
present the changes in solar radiation that are predicted to

result from an operating HNEC.

Table 17 compares decreases in solar radiation predicted by
the three models relating changes in sky cover to changes in
insolation. Perusal of the table rapidly leads to the con-
clusion that the predicted decrease is not particularly sensitive
to the model used within the limits of those tested. Throughout
the remainder of this report, the estimated changes in insolation

are results obtained using the exponential model.
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TABLE 17. Comparison of the Results from Linear, Quadratic
and Exponential Models for the Relationship

Between Sky Cover and Solar Radiation. Tabled
Values are Predicted Decreases in Insolation
(ly/day)
Lower
Tri- Wahluke Yakima
Model HNEC Cities ALE Slope Mesa/Eltopia Valley
January linear 23 8 5 4 10 3
guadratic 24 8 5 4 10 3
exponential 24 9 5 4 10 3
April linear 53 10 7 7 18 4
quadratic 49 9 6 6 20
exponential 51 9 6 6 21
July linear 39 6 5 5 13
quadratic 31 4 4 4 11 2
exponential 32 5 4 4 11 2
October linear 35 9 6 6 14
guadratic 33 8 6 5 12 4

exponential 33 9 6 6 11



The greatest impact on sclar radiation is seen in Table 18

to be in the immediate vicinity of the clusters. In general, the

predicted reducticns in solar radiation are about 20% in the

winter, 10 to 15% in the spring and fall, and 5% in the summer.
Except for August, the decreases are statistically significant.
In most cases, we would have 99% confidence that the predicted

decreases was not a normal variation.

The offsite impacts are greatest in the Mesa-Eltopia and
Tri-Cities areas as expected from the changes in sky cover.
But, we note that the decreases in solar radiation predicted
for these areas for February and for the Mesa-Eltopia area for
March and May are statistically significant even though the
changes in sky cover were not significant. We further note
that each significant change in sky cover is paired with a
significant decrease in solar radiation. This leads to the
conclusion that changes in solar radiation would be a more
sensitive indicator of an atmospheric modification than changes
in sky cover. This conclusion is reasonable and might have
been expected since insolation measurements are much more pre-
cise than sky cover estimates. It might also have been expected
because the coefficient of variance of the monthly average
insolation is significantly smaller than that for monthly

average sky cover.

The combined effects of the sky cover and solar radiation
changes for the area in the vicinity of the HNEC clusters are
summarized in Figure 7. The current relationship, shown in
Figure 4, is shown in dashed lines for comparison. The obvious
change to be noted is the shift of the enclosed area toward
increased cloudiness and lower insolation. There is also a
change in the shape of the area, which indicates a more rapid
or earlier shift from summer to fall and more gradual but
delayed shift from spring into summer. The ecolcgical signi-

ficance of these changes needs evalutvation.
g
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January
February
March
April
May

June
July
August -
September
October
November

December

TABLE 18 . Predicted Decrease in Solar Radiation
(ly/day)
Existing
SR Tri- Yakima
(ly/day) HNEC Cities ALE Wahluke Slope Mesa/Eltopia Valley
120 24 x% 9 5 4 10 3
202 40 *x% 14 *« 8 7 16 ** 5
340 40 ** 7 5 5 17 * 3
475 51 ** 9 6 6 21 4
576 62 ** 11 8 8 25 «* 5
628 36 ** 4 4 12 2
659 32 * 5 4 4 11 2
558 26 4 3 3 9 2
423 56 ** 14 10 9 20 7
262 34 *x 6 6 11 4
132 15 %% 3 3 6 2
92 18« 4 3 8 2

*Significant at the 95% confidence level
**Significant at the 99% confidence level
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Earlier we discussed the uncertainty in the conversion from
cooling system effluent concentration to increase in sky cover,
and promised to compare the estimated changes with "worst case"

estimates. Those comparisons are presented in Tables 19 and 20.

In general, the "worst case" changes in sky cover and solar
radiation for January are only slightly larger than those
estimated originally. In April and October the worst cases
changes are about a factor of two larger than those originally
estimates, and in July the "worst case” estimates are larger by

a factor of 4 or more.

In the Mesa-Eltopia Area the "worst case" changes in both
sky cover and solar radiation are statistically significant
for each month for which they were evaluated. 1In the Tri-Cities,
the worst case sky cover increases are statistically signifi-
cant for January as are the solar radiation decreases for
January and October. In the other areas even the "worst

case" changes are not considered statistically significant.
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TABLE 19. Cocomparison of Predicted Increases
in Sky Cover with Worst Case Values

January April July
HNEC P 1.0** .8** Lo**
WC 1.0%** l.6%* 3.4%%*
Tri-Cities P .3 .1 .1
WwC .4 .4 .6
ALE P .2 a1 .1
- WC .2 .2 .4
Wahluke Slope P .2 .1 .1
WC .2 .2 .3
Mesa/Eltopia P .4 .3 .2
WC .6%* 1.0%* l.6**
Yakima Valley p .1 .1 .1
WwC .1 .1 .2
Existing Mean Sky
Cover (dayligh* hours) 7.8 6.4 2.8

*Significant at the 95% confidence level
**Significant at the 99% confidence level

TABLE 20. Comparison of Predicted Decreases
in Solar Radiation with Worst Case

Values
January April July
HNEC P 24** 51** 32%%*
WC 25%% 95 ** 151**
Tri-Cities P 9 9 5
WC 11* 23 24
ALE P 5 6 4
WC 5 13 15
Wahluke Slope P 4 6 4
WC 5 13 14
Mesa/Eltopia P 10 21 11
WC 13* 57*%* CT2**
Yakima Valley P 3 4 2
WwC 3 8 10
Existing Mean Solar
Radiation (ly/day) 120 475 659

*Significant at the 95% confidence level
**Significant at the 99% confidence level
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CONCLUSIONS

Using a combination of "back of the envelope" models we
have estimated the changes in sky cover and solar radiation that
might result from the operation of a Hanford Nuclear Energy
Center. We have assumed that the center is composed of 20
power reactors using mechanical draft cooling towers and that
all reactors operate continuously. 1In addition, we have assumed
that the climatological conditions of the Hanford Meteorological
Station are representative of the current conditions for the
entire area surrounding the HNEC., Again we must remember that
the models used are rudimentary and that numerical precision

does not indicate mcdel accuracy.

Based on the models and these assumptions we have arrived

at the following conclusions:

1) Increases in sky cover and decreases in solar radiation
resulting from the operation of an HNEC would generally
be small outside the immediate vicinity of the reactor

clusters.

2) The changes in sky cover and solar radiation in the
immediate vicinity of the clusters would be statistically
significant during the fall, winter and spring. During
the summer, the decreases in June and July solar

radiation would also be significant.

3) The decreases in solar radiation predicted for the
Mesa-Eltopia area for February, March and May are
statistically significant, as is the decrease in the

Tri-Cities for February.

4) When "worst case" assumptions are made for the con-
version of cooling system effluent concentrations to

increases in sky cover, the estimated changes in both



sky cover and solar radiation frcm the original
estimates range from a few percent in January to a

factor of 4 or more in July.

5) The predicted changes in sky cover and solar radiation
are not particularly sensitive to changes in the
initial sky cover distribution if the mean sky cover
remains reasonably ccnstant, and the changes in solar
radiation are not sensitive to the model relating sky

cover and insolation.

6) Changes in solar radiation are likely to be a more
sensitive indicator of atmospheric modification than

are changes in sky cover.

In addition, it is readily apparent that the wind direction
distribution is one of the most important factors considered.
The specific impacts predicted at a given receptor depend to a
large extent on the position of the receptor relative to the

HNEC and on the wind direction distribution.

The predicted changes in sky cover and solar radiation have
been evaluated for statistical significance, which relates to
our ability to detect the change. Further studies are needed
to evaluate the social and ecological significance of the

predicted changes.
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